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 ABSTRACT 
 
Calcium Magnesium Acetate (CMA) is a commonly used deicing agent.  
Research on the effects of CMA on concrete pavements has been inconclusive.  Industry 
analysts claim that CMA is not as harmful as other deicing solutions, while other 
researchers have shown that CMA damages concrete in the same way that other salts of 
magnesium do.  The research presented here attempts to add to the discourse about CMA 
deicers.  A series of mortar bars were made with varying water to cement ratios, 
admixtures and types of cement.  They were soaked for approximately 4 weeks in a 
solution of CMA, and a series of measurements such as mass loss, length change and 
pulse velocity were made at regular intervals on the mortar bars.  At the end of the 2 
week and 4 week marks, the mortar bars were sectioned and polished as preparation for 
studies involving an electron microscope.  After soaking, the samples were taken to the 
National Institute of Standards and Technology (NIST) in Gaithersburg, Maryland for an 
extensive investigation involving X-ray microanalysis and hyperspectral mapping 
techniques.  This thesis details both the technique of hyperspectral analysis and its 
potential use for further research.  It also gives a report on the potential mechanisms 
involved in concrete deterioration by CMA deicing salts.   
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INTRODUCTION 
 
This thesis presents the study conducted on the effects of calcium magnesium 
acetates (CMA) deicers on Portland cement mortars and blended cement mortars 
containing fly ashes.  Among other characterization studies employed in this study, 
extensive microstructural investigation was conducted on mortar samples exposed to 
CMA deicer solutions using scanning electron microscopy, X-ray microanalysis and 
hyperspectral mapping techniques.  This thesis is a compilation of two technical papers.  
The first paper presents the techniques of SEM, X-ray micro-analysis and hyperspectral 
mapping.  The second paper presents the results and analysis of investigation conducted 
on the mortar bars soaked in CMA deicer solutions with an elaborate treatment on the 
findings from the SEM, X-ray microanalysis and hyperspectral mapping. 
Calcium Magnesium Acetate (CMA) is a commercially available deicing agent.  
It is part of a new generation of environmentally friendly deicing compounds intended to 
replace halite (rock salt) and urea on concrete pavements and runways.  Though more 
expensive than halite, its widespread use is reflective of the nondestructive properties of 
the deicer.  Like most deicers based on acetate compounds, it is not as harmful to 
reinforcing steel as halite or chloride salts.  In addition, it is relatively harmless to 
surrounding flora and fauna, as bacterial processes readily break down acetates. 
It is well known that magnesium sulfate salts, most commonly found in seawater, 
are extremely harmful to cement.  Yet previous research has not conclusively 
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demonstrated whether the magnesium acetate salts present in CMA cause a similar 
deleterious reaction.  A more detailed review of the current literature on CMA is 
presented in the introduction to the second paper titled, “The Effects of Calcium 
Magnesium Acetate on Portland Cement Mortar Bars”.   
The purpose of this research was to determine both quantitatively and 
qualitatively the effects CMA deicers have on Portland cement mortar bars given their 
cement type, water to cement ratio and the presence of mineral admixtures.  To that end, 
a series of mortar bars were made which varied the water to cement ratio as well as the 
admixtures.  Table 1 on page 19 in this thesis details the admixtures, cements and water 
to cement ratios used in this experiment.  The mortar bars were allowed to harden and 
then soaked in the deicing salts for a period of 24 days to 28 days.  Details on the 
methods used for testing the hardened mortar bars are presented in the second paper. 
This research is unique in that, in addition to physical tests such as mass loss and 
length change, analytical electron microscopy including imaging, energy dispersive 
spectroscopy (EDS) and hyperspectral mapping has been added.  Combined with the 
physical data, the rigorous chemical analysis will be able to more accurately identify the 
nature of the reactions causing damage.  The mapping technique is particularly useful in 
determining the depth of infiltration for magnesium. 
This thesis is organized to give readers unfamiliar with microanalytical techniques 
a broad introduction into the topics of backscattered electron imaging (BEI) and 
hyperspectral imaging.  The paper titled, “X-ray Mapping and Hyperspectral Analysis of 
Portland Cement Concrete” is a technique paper which details the process used to create 
hyperspectral maps, and the methods for analyzing them to extract quantifiable, chemical 
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data.  It also discusses the advantages to using microanalytical techniques on concrete.  
Within the paper are a series of arguments for hyperspectral mapping based on the 
unreliability of BEI and the difficulty involved with point EDS analyses.  It is placed 
before the calcium magnesium acetate paper because it provides the necessary definitions 
for terms such as “sum imaging,” “hyperspectral imaging,” “3 band log imaging,” and 
“tri-color imaging.”  Those terms are frequently referenced in the second paper without 
full explanations of their use.  In this sense, the first paper may be seen as a broad, 
lengthy introduction to the second. 
Much like the CMA deicer research is part of a larger work on deicing salts, the 
research on hyperspectral analysis is part of a larger series on the use of the Silicon Drift 
Detector (SDD) in hyperspectral mapping.  Indeed, the SDD made much of the research 
presented in both papers possible by decreasing the time required to produce an X-ray 
map by a factor of 10.   
Finally, this thesis includes an appendix intended to document, in detail, the 
process and software used to create the images presented in this thesis.  Because many of 
the images are “derived” images, meaning that they are processed in a computer program 
in order to alter their appearance, the author believed it necessary to document the 
process in order to establish the reproducibility of the imaging process. 
 
  
OBJECTIVES 
 
The objective of this research can best be described by the two locations where the 
research took place.  The research completed at Clemson provided the physical 
characteristics of the concrete exposed to the deicing solution.  The work with CMA 
deicers was part of a larger study into the effects of a number of deicing salts on Portland 
cement mortar bars.  The objectives for the Clemson research were: 
1. Determine the effect of water to cement ratio, cement type and mineral admixture 
presence on the ability of Portland cement mortar bars to resist change in length, 
mass and pulse velocity. 
2. Record at regular time intervals the physical characteristics of the mortar bars. 
3. Produce photographic evidence of damage and distress caused by the deicing 
solutions. 
4. Make preliminary observations on the nature of the distress including cracking, 
spalling or other characteristics.   
After the Clemson experiments were completed in May 2006, the samples were then 
taken to the National Institute of Standards and Technology (NIST) for testing and 
analysis.  The objectives of the NIST experiments were: 
1. Develop a process for cutting, polishing and mounting Portland cement mortar 
samples to prepare them for analysis in a high vacuum scanning electron 
microscope. 
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2. Analyze the samples created at Clemson using the electron microscope, energy 
dispersive spectrometer and Silicon Drift Detector. 
3. Produce a body of microanalytical evidence to correlate with the physical 
evidence produced at Clemson. 
4. Develop a process for quantifying and producing hyperspectral maps that is 
traceable to NIST standards, reproducible, and publishable as a technique paper in 
a major microanalytical publication. 
Finally, the Clemson and NIST research were combined to produce research with the 
following overall objectives: 
1. Determine the nature of the damage caused by CMA on Portland cement mortar 
bars. 
2. If possible, suggest a method for mitigating the damage or preventing the damage 
caused by CMA. 
3. Prove, through chemical analysis that the magnesium content of CMA is harmful 
to cement in the same way that other salts of magnesium are. 
 
  
X-RAY MAPPING AND HYPERSPECTRAL ANALYSIS OF PORTLAND 
CEMENT CONCRETE 
 
Abstract
 
Traditional methods for chemical investigations of concrete include optical 
microscopy, visual petrography, and scanning electron microscopy.  As scanning electron 
microscopes and microprobes have become more widely available, electron microscopy 
has become a valuable tool for analysis.  Commonly paired with an electron microscope 
is a liquid nitrogen cooled Energy Dispersive Spectrometer (EDS) that has the capability 
to determine the composition of a small area of concrete non-destructively.  For larger 
areas, on the order of a few square millimeters, a technique known as “X-ray Mapping” 
has been employed.  By taking hundreds of consecutive EDS spectra, a relatively large 
area can be chemically imaged and analyzed.  The drawback to mapping is that it is time-
consuming, and the data files produced are frequently very large.  With the advent of the 
Silicon Drift Detector (SDD), mapping times have decreased by an order of magnitude, 
while image and data quality have increased.  This paper explores the benefits of 
mapping concrete with the SDD and suggests techniques and pitfalls associated with 
using this method. 
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Introduction
 
Concrete is a chemically diverse, complex system with an equally complex 
morphology.  Aggregates can have vastly different chemical compositions between 
batches or even in the same sample.  The calcium silicate hydrate (CSH) gel constituent 
of hardened cement paste does not have a standard composition.1  Varying phases can 
change the calcium to silicon ratio significantly from the 1.5 ratio that is ideally reported.  
Some authors note that even cement clinker phases are better described as solid solutions 
whose actual composition is widely varied.2  Scanning electron microscopy (SEM) 
provides many of the tools necessary to determine the nature and composition of the 
concrete, as well as to determine the morphology of areas such as the interfacial 
transition zone. 
Traditional SEM imaging of concrete includes secondary and backscattered 
electron images.  In backscattered electron images, the relative brightness of each pixel 
indicates the average atomic number of the material, but can never provide quantifiable 
data.  Researchers note, “…although the sequence of average atomic numbers of the 
phases present can be recognized and classified by the relative gray levels in the image, 
the image conveys no specific information to identify the elements present or the 
concentration levels.”3  Backscattered imaging has been used for many years to find and 
image distressed areas of concrete. 
X-ray mapping combines the imaging utility of backscattered electron imaging 
with the compositional information contained in an EDS spectrum.  Traditionally, X-ray 
mapping has been performed by defining “spectral windows” that span X-ray peaks of 
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interest and plotting the measured intensity as a gray scale in an 8-bit deep digital display.  
This approach necessarily ignores the rest of the X-ray spectrum, so that the 
unanticipated will likely remain undiscovered.  The method was pioneered by Duncumb 
in 1957 with the terms “area scanning” and “dot mapping.”4  Recently, the method of X-
ray spectrum imaging has become more accessible due to advances in personal computers 
and instrumentation.  By taking hundreds of individual, consecutive spectra, the data can 
be analyzed to form images.  Using a graphics processing tool developed at the National 
Institute of Standards and Technology (NIST) known as Lispix, the data can be organized 
to form element maps.  These maps are images whose pixels represent the relative 
concentration of a particular element.  In addition, because the entire X-ray spectrum is 
recorded at each pixel, unanticipated chemical features can be recovered. 
The utility of mapping comes from being able to visually interpret a large amount 
of chemical data.  In concrete systems, mapping calcium concentration can show the 
positions and interactions of unhydrated cement, alite, belite and CSH gel by comparison.  
Lispix contains tools to separate out each compound. 
Until recently, mapping was largely qualitative in nature.  While it provided more 
chemical data than backscattered imaging, it was not quantifiable.  At count times of 
about 10,000 counts per second, an EDS map where each pixel contained quantifiable 
data could take well over 4 hours, depending on the image pixel density.  The Silicon 
Drift Detector (SDD), a recent innovation5, is capable of counting at nearly 100,000 
counts per second, decreasing the count time needed by a factor of 10 or more.  With the 
SDD, quantitative mapping can take as little as 25 minutes.  Indeed, most of the images 
presented in this thesis were acquired in less than 25 minutes using the SDD.
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Experimental Method 
 
A project was selected in order to show the uses of SDD mapping in identifying 
infiltrative mechanisms in concrete.  In this instance, as part of a study involving the 
effect of deicers on concrete, a series of Portland cement mortar bars were soaked in 
calcium magnesium acetate (CMA) deicing solution.  The mortar bars were 2 parts 
Ottowa silica sand to one part Portland cement, and they were approximately 1” x 1” x 
12” (2.54 cm x 2.54 cm x 30.48 cm).  The CMA had a deleterious effect on the mortar 
bars, dissolving away the concrete from the outside inward.  It was hypothesized that 
magnesium from the deicer was infiltrating into the concrete and forming a non-
cementitious magnesium silicate hydrate (MSH) product.   
As part of the experiment, random 1in2 sections of the mortar bars were taken to 
be used as SEM samples.  These samples were cut with a diamond saw and polished 
using silicon carbide papers through 1200 grit.  A final polish was put on the samples 
with a 1 micrometer and then a ¼ micrometer diamond paste.  The samples were coated 
in carbon to improve conductivity and mounted with carbon tape into 1.25in mount.  The 
experiments were conducted on a JEOL 840 Scanning Electron Microanalyzer equipped 
with a Radiant Detectors, LLC Silicon Drift Detector and a JEOL 8600 Scanning 
Electron Microprobe equipped with an EDAX Genesis EDS detector.    
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Results Using Traditional Methodology 
 
Traditional methodology includes backscattered, secondary and X-ray imaging 
using the EDAX detector.  Most scanning electron microscopes come equipped with the 
necessary equipment to do high quality electron imaging and low pixel density X-ray 
mapping.  High pixel density mapping can be done over a long period of time.  For 
instance, a 1024 x 1024 pixel map, at 100 milliseconds dwell time per pixel, would take 
about 1 day to complete.  Because the system is automated, an analyst could produce 
maps overnight or over a weekend.  The map would be largely qualitative, because major 
peaks would only get approximately 100 counts or less due to the limitations of 
conventional EDS performance.  Yet the appeal to have large amounts of qualitative 
chemical data is significant.   
As shown in Figure 1, the distressed areas of the concrete are easily recognized.  
Backscattered imaging allows for approximations to be made as to the depth of distress, 
and even to the nature of the distress.  Magnesium-rich areas appear darker because 
magnesium is replacing the higher atomic number calcium atoms in the CSH gel 
microstructure.  Spot EDS analysis in the darker areas would confirm the presence of 
magnesium. 
 
 
 11
 
Figure 1: Backscattered Electron Image of Distressed Mortar Bar 
 
This combination of EDS and backscattered imaging has been the foundation for 
several analytical studies6 into various deterioration mechanisms in concrete.  Analysts 
identify the compounds and phases of the sample and use point EDS analysis to 
determine composition.  Simple visual inspection would yield three cement phases: the 
bright, calcium rich unhydrated cement, the middle range hydrated cement, and the dark 
magnesium silicate hydrate. 
Mapping provides a simple method for visually organizing the chemical data 
collected with an EDS detector.  An electron beam simply sweeps over every point in a 
visual field.  The chemical data is stored in a multi dimensional matrix where the Z-axis 
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is the X-ray count for a specified energy window (nominally between 0.2 keV and 
10 keV), and the X and Y axes are simply coordinates of pixels whose relative brightness 
indicate the concentration of a particular element. 
Though grainy, Figure 2 was produced in approximately 25 minutes using an 
Oxford EDS detector counting at approximately 7000 counts per second.  An analyst 
looking for magnesium would easily be able to detect its presence and determine the 
approximate depth of infiltration. 
 
 
Figure 2: Magnesium Sum Image of Distressed Mortar Bar Exposed to CMA Deicer 
 
 
The drawback to most mapping techniques is the time required to complete them 
and the cost involved in the upkeep of the equipment.  Point EDS can be done on a 
sample in under 5 minutes, yet most maps on traditional detectors require anywhere from 
20 minutes to several hours.  When equipment time must be purchased, or if the 
equipment is in high demand at a common laboratory, it can be difficult to arrange the 
time necessary to do time-consuming maps.  In concrete systems, researchers frequently 
attempt to analyze several square inches or more of hardened concrete.  Even taking only 
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a few maps per sample would significantly increase the total time needed to analyze a 
sample.   
 
Silicon Drift Detector Methods 
 
Using the recently developed Silicon Drift Detector (SDD), it is now possible to 
collect maps of higher pixel density in less time.  Due to its unique design, the SDD is 
capable of collecting data at well over 100,000 counts per second, an order of magnitude 
greater than many traditional EDS detectors.  The user can translate this higher count rate 
into lower count time, higher pixel density, or both. 
During the course of the experiment, three count times were chosen in order to 
identify and characterize the sample.  Short, qualitative maps were taken for 
approximately 25 seconds and 150 seconds (2:30).  A longer, quantitative map could also 
be taken for approximately 25 minutes.  The advantages of the faster maps were speed 
and the ability to search large areas for the presence of a particular element.  In this case, 
the experiment was primarily concerned with detecting magnesium.  Even after 
25 seconds, the samples that were rich in magnesium could still be identified.  At 
150 seconds, full elemental maps could be produced that could clearly delineate features, 
phases, and compounds in the concrete.  At 25 minutes, each pixel contains enough 
counts to be individually quantified.  In addition, there is considerably higher image 
quality and greater variation in the compound grey scale. 
The images presented in this report are known as “Sum” images.  Because an X-
ray elemental peak spans a range of energy, generally about 2 percent of the photon 
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energy, several energy levels can represent a single element.  For instance, calcium is 
represented as the sum of all counts from 3.5 keV to 3.8 keV.  See the appendix for a 
detailed explanation of using Lispix to produce sum images. 
In Figure 3, the slight compositional variation among the calcium compounds shows how 
X-ray maps can give more information than a backscattered electron image about the 
composition.  The yellow arrows in Figures 3 and 4 show a distinct compositional 
difference apparent in the X-ray map that is not apparent in the backscattered electron 
image shown in Figure 5.  This calcium rich zone is likely to be Portlandite (calcium 
hydroxide), yet it appears to be the same gray scale on the backscattered electron image 
as the other CSH gel phases. 
Figure 4 is an example of a short duration qualitative map.  After only 150 
seconds, it is still possible to see the calcium variation, and to infer the positions of 
various features such as those seen in Figures 3 and 5.   
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Figure 3: 25 Minute Calcium Sum X-ray Map 
 
 
 
 
 
 
 
 
 
  
Figure 4: 150 Second Calcium Sum X-ray Map 
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Figure 5: Backscattered Electron Image Taken Concurrently With X-ray Maps 
 
Quantitative Mapping 
 
 X-ray maps can be quantified in two ways.  The first, simpler method is to X-ray 
map the sample concurrently with a backscattered electron image.  In the backscattered 
electron image, the phases can be separated out by gray scale, and points within each 
phase can be analyzed with point EDS analysis.  Quantifying the points as a bulk 
composition will give the composition of each phase in either the X-ray image or the 
backscattered electron image.  As discussed earlier, the complex, multi-phasic nature of 
concrete makes it very difficult to identify each phase by gray scale alone.  To calculate 
gray scale for a backscattered image, the average atomic number is calculated by 
Heinrich’s equation7.  Heinrich’s equation states that the average atomic number (Z) for a 
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compound is the product of the atomic number of each element in the compound and the 
weight fraction of the element.  It is important to note that, because the gray scale, as 
calculated by the average atomic number, is based on weight fraction and not atomic 
fraction, different cement compounds can have approximately the same gray scale8.  The 
average atomic number for a tri-calcium silicate is only slightly higher than it is for a tri-
calcium aluminate. 
Figure 6 shows a high resolution image of a polished Portland cement mortar bar 
and all of the different phases present in cement paste.  Unless the analyst is looking for 
specific phases of interest, the dozens of morphological and gray scale phases would take 
far too long to analyze with point analysis.  Indeed, some phases will only be 20 pixels or 
less in size.  In a complex system such as CSH gel where atomic compounds are freely 
exchanged, it is also not correct to assume that all areas with the same gray-scale have the 
same composition.  The blue arrows point to two areas with significantly different gray 
scale in the X-ray map.  Judging from the image, it appears that the brighter area is higher 
in calcium than the darker one. 
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Figure 6: Backscattered Electron Image of Portland Cement Mortar Bar at 350X 
 
The second method attempts to address this problem by quantifying, through X-
ray microanalysis, every pixel in an X-ray map.9  Using Lispix, it is possible to create X-
ray maps whose values represent the k-ratio, rather than raw X-ray intensities.  The k-
ratio is simply the ratio of the experimental peak intensity to the standard peak intensity.  
Then, using a program developed by Dr. Nicholas Ritchie and Daniel Davis at NIST 
called “Jackhammer,” it is possible to calculate a composition for each pixel from the k-
ratio data.  A detailed example of this process is presented in the appendix.   
 Of particular interest in quantitative mapping is to be able to separate out pixels 
by composition, and then determine the average composition of those pixels.  Using 
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simple, idealized calculations where the composition of CSH Gel is 3*CaO + 2*SiO + 
8*H2O, calcium should have an approximate, atomic compound composition of 30.1 
percent.  Applying a filter to the data, it is possible to separate out the varying 
concentrations of calcium and colorize them.  This method is known as “3 band log scale 
colorization”.10
Figure 7 shows how this colorization method can be applied to the mortar sample 
imaged in Figure 6.  Pixels colored in blue have calcium compositions from 0.1 percent 
to 1 percent; those in green range from 1 percent to 35 percent.  The reds and the yellows 
split the higher calcium compositions with yellow coloring pixels whose compositions 
are above 60 percent.  All trace calcium is marked in blue and black, with the edge at the 
lower right corner containing no calcium at all, and the silica sand aggregate (lower left 
corner) contains only background levels of calcium. 
 
 
Figure 7: 3 Band Log Scale Colorization of Type I Fly Ash Cement Mortar Bar 
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The blue arrows point to the same areas shown in Figure 6.  Notice how the 
brighter area at the top right portion of the image from Figure 6 comes up in Figure 7 as 
having less calcium than the darker one.  Indeed, the orange area on Figure 7 indicates 
that the phase is Portlandite, having an approximate composition of 54 percent calcium.  
The low calcium area appears to be a calcium-aluminum-silicate.  Depending on the 
oxide composition and the degree of hydration, the average atomic number of a calcium-
aluminum-silicate could easily be higher than that of calcium hydroxide, whose average 
atomic number is 14.3 as calculated using the Zav equation shown above.  A tri-calcium 
aluminate having a nominal composition in cement chemist notation as C3A would have 
an average atomic number of 18.7. 
 
Accuracy and Precision in Quantifiable Maps 
 
The accuracy and precision of a quantifiable EDS analysis is dependent on the 
number of counts in the major peak.  Because the peaks in an EDS spectrum are 
Gaussian11 and the counts are assumed to be normally distributed about the mean (which 
is recorded as the peak center), the precision of the measurement is approximately the 
inverse square root of the peak height at center.  In quantifiable maps, a silicon peak 
height of approximately 250 counts would give an error of 6.3 percent.  This is generally 
considered acceptable given the approximations made in the corrections matrix.  Bastin 
and Hiejligers have calculated the error histogram of ZAF corrections (those employed 
by the NIST quantitative correction routines) as being approximately 5.5 percent.12  It is 
generally assumed that the accuracy of any k-ratio or composition in an X-ray map is at 
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least 6 percent by composition.  Minor elements, those whose composition is less than 
6 percent were not successfully mapped in this thesis.  Qualifiable maps of sulfur, 
potassium and iron were made, but none were quantified. 
 
Pitfalls 
 
 It is important to mention a significant shortcoming to the technique of X-ray 
mapping.  In most mapping software, the images shown do not represent absolute X-ray 
intensity.  Instead, the images are “clip scaled” to the pixel with the greatest X-ray 
intensity13.  That pixel gets the brightest value, the white or unity, and all the other 
images are gray scaled below it. 
Figure 8 shows a magnesium sum image where the image has been scaled to the 
brightest pixels in the image.  Looking at the image and the relative brightness of the 
pixels, one might assume that the white pixels are magnesium hydroxide.  Because the 
imaging program maintains no trace of the factor used in scaling the image, it is 
impossible to back correct for scaling.  The “Jackhammer” quantification routine reveals 
that the large formation (yellow arrow) is, in fact, brucite with an average pixel 
composition of 43 percent (magnesium in magnesium hydroxide is nominally 41 
percent).  The other areas (green arrows) have compositions ranging from 30 percent 
magnesium to over 60 percent magnesium.   
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Figure 8: Magnesium Sum Image of Portland Cement Mortar Bar 
 
 Preferably, mapping major compounds such as calcium and silicon would provide 
enough compositional variation and signal strength to make the auto scaling factor very 
close to 1.  However, minor compounds such as sulfur, potassium and magnesium do 
present a problem. 
 
Conclusions 
 
Mapping presents a unique way to evaluate the chemical composition of concrete.  
Using the mapping technique described herein, a polished cross section of concrete can 
provide information about infiltrative mechanisms, and at the same time demonstrate the 
existence and position of minor or rare compounds such as potassium.  Furthermore, 
mapping avoids a number of the traditional problems with analyses using backscatter and 
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EDS analysis.  X-ray maps provide more chemical data, and the gray scaling allows users 
to visually interpret data in a way that gives far more information.  In addition to 
confirming the presence of unique or element rich compounds such as calcium hydroxide 
(Portlandite) or magnesium hydroxide (Brucite), it also can provide quantifiable chemical 
compositions over a large area. 
 24
References 
 
                                                 
1 S. Mindess, J. F. Young, D. Darwin, Concrete, 2nd Ed., Prentice Hall, 2003 , p. 65 
2 H. F. W. Taylor, Cement Chemistry, 2nd Ed., Thomas Telford, 1997 
3 J. Goldstein, D. E. Newbury, D. Joy, et al, Scanning Electron Microscopy and X-ray Microanalysis 3rd Ed, 
KA/PP, 2003 p. 485 
4 Duncumb, P. (1957).  In X-ray Microscopy and Microradiography (V. E. Cosslett, A. Engstrom, and H. 
H. Pattee, eds.), Academic Press, New York, p. 617 
5 Struder, L.,N. Meidinger, D. Stotter, et al. (1999) Microscopy and Microanalysis. 4, 622 
6 A. Crumbie, G. Walenta, T. Fuellmann, “Where is the iron?  Clinker microanalysis with XRD Rietveld, 
optical microscopy/point counting, Bogue and SEM-EDS techniques.”  Cement and Concrete Research 36 
(2006) 1542-1547. 
7 Heinrich, K. F. J. (1966).  In Proceedings of the 4th International Conference on X-ray Optics and 
Microanalysis (R. Castaning, P. Deschamps, and J. Philibert, eds.), Hermann, Paris, p. 159. 
8Goldstein, Newbury et al, Scanning Electron Microscopy and X-ray Microanalysis 3rd edition, 2003 p. 401 
9 Newbury, D. E., and D. S. Bright (1991).  In Microbeam Analysis—1991 (D. G. Howitt, ed.), San 
Fransisco Press, San Fransisco, p. 561 
10 Newbury, D. E., and D. S. Bright (1999).  Microscopy and Microanalysis. 5, 333. 
11Goldstein, Newbury, Joy et al, Scanning Electron Microscopy and X-Ray Microanalysis 3rd edition, 2003 
p. 355 
12 Bastin, G. F., and H. J. M. Heijligers (1997).  Quantitative Electron Probe Microanalysis of Boron in 
Binary Borides, Internal Report, Laboratory for Physical Chemistry, Eindhoven University of Technology, 
Eindhoven, The Netherlands. 
13 Pratt, W. K. (1978).  Digital Image Processing Wiley, New York. 
  
THE EFFECTS OF CALCIUM MAGNESIUM ACETATE ON PORTLAND 
CEMENT MORTAR BARS 
 
Introduction 
 
Calcium Magnesium Acetate (CMA) is a commercially available deicing agent.  
It is part of a new generation of environmentally friendly deicing compounds intended to 
replace halite (rock salt) and urea on concrete pavements and runways.  The Intermodal 
Surface Transportation Efficiency Act of 1991 allows states to apply for an 80 percent 
reimbursement when applying CMA to bridge decks, pavements and other surfaces.14  
Though more expensive than halite, its widespread use is reflective of the nondestructive 
properties of the deicer.  Like most deicers based on acetate compounds, it is not as 
harmful to reinforcing steel as halite or chloride salts.15  In addition, it is relatively 
harmless to surrounding flora and fauna, as bacterial processes readily break down 
acetates.16
It is well known that magnesium sulfate salts, most commonly found in seawater, 
are extremely harmful to cement.17  Researchers at the 1998 Transportation Conference 
Proceedings noted, “Magnesium in deicer solutions produces the most severe paste 
deterioration by forming non-cementitious magnesium silicate hydrate and brucite.”18  
The same paper goes on to note, “Calcium magnesium acetate solutions were the most 
damaging of all solutions tested.”  Researchers at Iowa State University note, 
“Magnesium acetate produced severe crumbling and moderate fracturing.”19  Yet 
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previous research has not conclusively demonstrated whether the magnesium acetate salts 
present in CMA cause a reaction similar to those caused by magnesium sulfate salts.   
The Cryotech (a major supplier of CMA) product information sheet notes, “CMA 
does not chemically attack concrete, nor does it increase spalling caused by the 
freeze/thaw cycle of water.”20  It goes on to credit two studies to reinforce the point 21,22.  
However, other researchers have found, “Like other solutions of magnesium salts, a 
concentrated solution of calcium magnesium acetate dissolves the hardened cement paste 
in cement mortar […].”23   
The conflicting research presented is confusing at best.  Researchers seem most 
divided on the nature of reactions taking place within the cement matrix.  Again, Lee et. 
al note, “Mg-acetate produced similar but slightly less damage [than CMA], and Ca-
acetate solutions produced much less alteration.  CaMg-acetate dissolved the cement 
paste and altered quartz fine aggregate but it is still not clear why it is more deleterious 
than Mg-chloride or Mg-acetate.”17  What stands out most among the experiments and 
literature is that there is no truly rigorous chemical analysis of the cement paste or of the 
mineral admixtures.  Indeed, at the time when most of the experimentation was being 
done, X-ray mapping and microanalysis were not commonly used to analyze concrete.  
The advent of variable pressure SEMs and SDD mapping have been most influential in 
solving this problem. 
The purpose of this research was to determine both quantitatively and 
qualitatively the effects CMA deicers have on Portland cement mortar bars given their 
cement type, water to cement ratio and the presence of mineral admixtures.  This research 
is unique in that, in addition to physical tests such as mass loss and length change, 
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analytical scanning electron microscopy including imaging, energy dispersive 
spectroscopy (EDS) and hyperspectral mapping has been added.  Combined with the 
physical data, the rigorous chemical analysis will be able to more accurately identify the 
nature of the reactions causing damage.  The mapping technique is particularly useful in 
determining the depth of infiltration for magnesium. 
 
Materials 
 
For this study, a series of mortar bars measuring approximately 1” x 1” x 12” 
(2.54cm x 2.54cm x 30.48cm) were made in order to test the effects of admixtures and 
water to cement ratio on the mortar.  Table 1 provides the matrix of test samples.  For 
mixes using mineral admixtures, the water to cement ratio was held constant at 0.50 (1 
part water, 2 parts cement).  The silica fume was dispersed using agitation in mix water 
with a water reducing chemical admixture.  Throughout the study, the cement to sand 
ratio was held at 0.50 (1 part cement, 2 parts sand).  Ottowa silica sand was used as the 
aggregate source in all test groups.  Port Neal Class C fly ash, and Dolet Hills Class F fly 
ash were used as mineral admixtures in the study. 
Two cements were chosen based on availability at the Clemson lab.  The high-
alkali Type I Portland cement came from the Lehigh cement company, and the low-alkali 
Type III Portland cement came from Lafarge. 
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Cement Mineral Admixtures and Composition Changes 
Type I  
 
Lehigh High 
Alkali Cement 
0.40 w/c 
0.40 water to 
cement ratio 
0.50 w/c 
0.50 water to 
cement ratio 
0.60 w/c 
0.60 water to 
cement ratio 
Class C fly 
ash 
20 percent 
replacement  
of cement 
Class F fly 
ash 
20 percent 
replacement  
of cement 
Silica 
Fume 
10 percent 
replacement  
of cement 
Type III 
 
Lafarge Low 
Alkali Cement 
0.30 w/c 
0.50 water to 
cement ratio 
0.40 w/c 
0.50 water to 
cement ratio 
0.50 w/c 
0.50 water to 
cement ratio 
Class C fly 
ash 
20 percent 
replacement  
of cement 
Class F fly 
ash 
20 percent 
replacement  
of cement 
Silica 
Fume 
10 percent 
replacement  
of cement 
 
Table 1: Experimental Matrix for CMA Exposed Mortar Bars 
 
Methods 
 
The mortar bars were mixed by hand and placed into steel molds to harden for 12 
hours in a 100 percent relative humidity curing room.  The samples were demolded and 
allowed to cure for an additional 24 hours in the curing room.  Afterwards, the samples 
were placed in baths of distilled water in tubs according to the sample group for 12 hours.  
Because the samples would all be weighed wet, this soaking period was necessary to 
ensure a consistent measurement condition for statistical accuracy.  The wet soaked bars 
had initial measurements made including mass (g), length (in) and pulse velocity (kHz).   
According to the instructions provided with the Cryotech Calcium Magnesium 
Acetate, a 25 percent by volume solution of CMA and distilled water was mixed into 
individual tubs for each sample series.  The tubs were sealed and stored in a 38°C room 
for approximately 4 weeks. 
At intervals over the experimental period, the tubs were removed from the hot 
room and a series of tests were done on 3 of the 4 mortar bars in the sample.  The tests 
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included mass loss, length change and pulse velocity.  The pH of the soak solution was 
also measured.   
In each sample set, a fourth mortar bar was included that was sectioned 
approximately every two weeks in order to provide samples for the SEM.  The remainder 
of the bar was returned to the solution. 
 
SEM Prep 
 
Due to the nature of the SEMs used in the experiments, a well defined, 
standardized procedure was followed in order to ensure accurate measurements.  All 
instruments used in this experiment were high vacuum (<1x10-5 Torr).  The concrete 
samples, all chips approximately 1” x 1” x ¼” (25.4mm x 25.4mm x 6mm), were 
polished in steps progressively down to ¼ micron diamond paste, and they were dried in 
a three step drying process.  Wet samples were loaded into an air desiccator for 24 hours.  
They were then taken into a low grade vacuum (~1x10-2 Torr) desiccator for 1hour before 
being loaded into the instrument at full vacuum.  The air desiccators were loaded with a 
silica gel that absorbs water, accelerating the drying of the samples while preventing 
large drying shrinkage cracks from forming.   
It should be noted that though adequate care was taken to prevent cracking, 
exposure to high vacuum still produced some surface cracking.  Surface cracking is 
especially apparent in secondary electron images, but not as apparent in backscattered 
images.  This is why backscattered images are primarily included in this paper. 
 
 30
Results 
 
Of the experiments done, the mass loss experiment was the most conclusive.  The 
error bars shown on the following charts represent the average standard deviation for the 
experiment.  It was generally observed that as the deterioration increased with time, the 
variance in the data set also increased.  Thus, the 0.40 and 0.50 water to cement ratio 
mortar bars had the highest standard deviation of approximately 2 percent. 
Figure 9 shows the mass loss for mortar bars made using Type III cement.  The 
experiment was ended after 24 days due to the significant damage observed in the 0.40 
w/c and 0.50 w/c samples.  Figure 12 shows the visual extent of the damage done to the 
Type III mortar bars.  Among the mineral admixtures, the silica fume was the least 
effective, losing an average of 13 percent of its mass during the experimental period.  
Class F fly ash was moderately effective, losing about 7.5 percent, and class c fly as was 
most effective, losing about 3 percent. 
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Type III Average Mass Loss over Time
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Figure 9: Type III (LaFarge) Cement Mortar Bar Average Mass 
 
Figure 10 shows the Type I cement data.  Like the Type III cement, when Class C 
fly ash is added to Type I cement, it effectively inhibits the deleterious reactions while 
losing only 1 percent of its mass.  Interestingly, the 0.50 w/c mortar bars had the best 
performance, losing about 0.75 percent; while the 0.40 w/c mortar bars had the worst, 
losing 3.75 percent.  However, the Type I cements exhibited some unusual 
characteristics.  While the .60 w/c bars lost nearly 1.75 percent of their mass in only 4 
days, the trend did not continue throughout the experiment.  Instead, the 0.60 w/c sample 
set leveled off, losing just over 2 percent over the entire 28 days.  In contrast, the 0.40 
w/c sample lost the least mass initially, but the most mass at the end.  Error bars represent 
not necessarily the variation in the observed result, but rather the relatively small losses 
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in mass.  It may be inferred from this experiment that mass loss is not necessarily the best 
indicator for performance when the difference between the relative performances of 
various mortars is overall less than 4.0 percent.  This was part of the reason why the 
experiment was extended to 100 days, as explained in the following paragraph. 
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Figure 10: Type I (Lehigh) Cement Mortar Bars Average Mass 
 
Due to the relatively light damage done to the Type I cement mortar bars, it was 
decided that the experiment should be extended to 100 days.  In a rather odd reversal, the 
mortar bars with Class C fly ash actually lost very little mass over the long term.  Though 
the average mass loss was slightly above 0.0 percent, due to the nearly 6 percent standard 
deviation in the data set, it would not be correct to assume that the Class C fly ash 
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actually gained mass in the long term.  Similarly, the silica fume mortar bars had a rather 
significant decrease in the rate of loss.  At 100 days, the silica fume mortar bars lost less 
of their mass than their counterparts in the Type III cement data set.  Figure 11 shows the 
results of the long term experiment. 
Simple photographic analysis was also used to determine the extent and nature of 
the damage to the mortar bars.  Figures 12 and 13 show a Type I and Type III mortar bar, 
respectively.  Figure 14 shows two Type I cement mortar bars that had spalling damage 
on the surface.  Surface spalls were localized for most of the mortar bars. 
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Figure 11: Type I (Lehigh) Cement Mortar Bars Average Long Term Mass 
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Figure 12 (Left): Type III Cement Mortar Bar after 24 Days in Soak Solution 
Figure 13 (Right): Type I Cement Mortar Bar after 28 Days in Soak Solution 
 
Figure 14: Type I Portland Cement Mortar Bars Showing Spalling Damage after 28 
Days 
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Type III Mortar Bars Solution pH Over Time
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Figure 15: Type III Cement Mortar Bars Soak Solution pH Over Time 
 
 In addition to mass loss, the pH of the soak solution was measured with a hand 
held pH meter calibrated using a 3 point reference method.  Figure 15 gives the results of 
that experiment, showing that after an initial drop off, the pH of the soak solution 
remained at approximately 8.85 for all sample sets involved in the .Type III cement data 
set.  The error bars included are +/- 0.05 in order to represent the approximate accuracy 
of the handheld pH meter. 
 The following four figures are the results of the length change and pulse velocity 
experiments carried out concurrently with the mass loss experiment.  Ultimately, these 
experiments were not entirely conclusive.   
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Average Length Change for Type III Portland Cement Mortar Bars
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Figure 16: Average Length Change for Type III Portland Cement Mortar Bars 
 
  
Clearly, none of the mortar bars showed any signs of expansion commonly seen 
in alkali-silica reaction (ASR) affected mortar bars.  The variability of the experiment 
shows good agreement and consistency over the course of the experiment.  The average 
standard deviation was approximately 0.08 percent throughout the experiment.  Overall 
the shrinkage of the mortar bars may be explained by the overall deleterious reactions 
seen in the mortar.  However, the mortar with the least deterioration, the class C mortar, 
showed the most shrinkage at the end of the experiment.  
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Average Pulse Velocity Change For Type III Portland Cement Mortar Bars
-12.00%
-10.00%
-8.00%
-6.00%
-4.00%
-2.00%
0.00%
2.00%
4.00%
6.00%
8.00%
10.00%
0 5 10 15 20 25
Days
Pu
ls
e 
Ve
lo
ci
ty
 C
ha
ng
e 
W
ith
 In
iti
al
0.50 w/c
0.40 w/c
Class C
Class F
Silica Fume
 
Figure 17: Average Pulse Velocity Change For Type III Portland Cement Mortar 
Bars 
 
  
Another confusing data set, Figure 17 shows that the pulse velocity increased 
significantly for the 0.40 water to cement ratio mortar, and decreased significantly for the 
0.50 water to cement ratio mortar.  This does not correspond to the mass loss data which 
show that the 0.40 and 0.50 water to cement ratio experiments had approximately the 
same mass loss. 
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Average Length Change with Initial For Type I Cement Mortar Bars
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Figure 18: Average Length Change with Initial For Type I Cement Mortar Bars 
 
  
Though most of the mortar bars did not exceed the 0.20% length change limit, the 
0.40 water to cement ratio mortar bars did show some expansion.  Oddly, the Class C fly 
ash showed no signs of cracking or deformation, despite significant shrinkage.  The 
length change values do not have a significant correlation to the mass loss values. 
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Average Pulse Velocity Change with Initial For Type I Cement Mortar Bars
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Figure 19: Average Pulse Velocity Change with Initial For Type I Cement Mortar 
Bars 
 
  
Finally, the pulse velocity data is again inconclusive.  After an initial negative 
trend, the pulse velocity for the Class C fly ash samples increased over the last few days.  
In general, the pulse velocities did not show trends that correlated to mass loss data.   
 
SEM Imaging 
 
The complexity of the system required further chemical analysis to determine the 
actual nature of the distress.  In order to prove that the magnesium was causing the 
deterioration seen in the mortar bars, it would be necessary to track the infiltration of 
magnesium compounds in mortar.   
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Working on the theory that magnesium would precipitate out of the CMA solution 
at a pH of 9.0 and form brucite (Mg(OH)2) and eventually MSH Gel24, the first task was 
to image distressed areas of the mortar sections.  Using backscattered electron imaging 
(BEI), the magnesium rich areas could easily be identified.  Because magnesium has a 
lower atomic number than calcium, the magnesium rich areas should be darker than the 
calcium rich CSH gel.  Figure 20 shows a BEI of a distressed area.  The damage appears 
to have caused cracking parallel to the edge of the sample.  This indicates that spalling 
may also be a mechanism in the system, rather than the simple dissolution of the surface.   
 
 
Figure 20: Backscattered Electron Image of Distressed Type III Cement Mortar Bar 
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Hyperspectral Analysis 
 
Using an electron beam, characteristic X-rays from the surface of the sample can 
be used to identify elements and compounds.  The images presented here are known as 
hyperspectral X-ray maps.  A computer addresses the beam to each pixel in an image and 
collects the X-ray spectrum from that pixel25.  Using a data analysis tool known as 
Lispix, the information can be filtered to display all pixels in an image containing a 
particular element such as silicon, carbon or magnesium.  Lispix can also colorize and 
combine images to form tri-color interaction plots.  In all of the images presented here, 
the brighter the pixel, the higher the concentration of that particular element in that pixel. 
The magnesium was readily identified in the system.  The darker, damaged areas 
of the BEI images corresponded very well to the magnesium-rich areas in the 
hyperspectral maps.  Figure 21 shows the magnesium image for the same distressed area 
pictured in Figure 20 at a slightly higher magnification in order to highlight the 
infiltrative mechanism.  While the magnesium infiltration does not extend completely 
into the darkened areas on Figure 20, the image clearly shows an infiltrative mechanism.  
The magnesium is able to diffuse into the cement paste and replace the calcium in the 
CSH gel. 
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Figure 21: Magnesium X-ray Image of Type III Cement Mortar Bar 
 
Figure 22 shows a short, qualitative map taken on a traditional Oxford EDS 
detector.  It shows the same distressed area pictured in Figure 20.  Notice that the 
magnesium rich areas seem to contain very little calcium, as evidenced by the darker 
pixels shown by the green arrow.   
 
 
Figure 22: Calcium Sum Image of Type III Cement Mortar Bar 
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While the sum images of the major calcium, magnesium and silicon compounds 
coincided well with the backscattered images, the primary advantage to mapping the 
samples came from mapping the sulfur compounds as they moved within the sample.  
Figure 23 shows the sulfur sum image of the same area pictured in Figures 21 and 22. 
 
 
Figure 23: Sulfur Sum Image of Distressed Type III Cement Mortar Bar 
 
The sulfur appears to concentrate heavily along the fractured area, yet there is 
very little sulfur along the outermost edge.  Other evidence of the motion of sulfur 
compounds came from three color images of other Type III cement samples.  Figure 24 
shows a three color image of the Class F fly ash sample after two weeks in CMA.  The 
sulfur compounds are colored in green, while the magnesium is colored red, and the 
potassium rich compounds are in blue.  There appears to be an intermediate interaction 
zone between the complete conversion of the CSH gel to MSH and the sulfur rich zone.   
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Figure 24: Three Color X-ray Sum Image of Type III Cement Mortar bar 
Magnesium = red, Sulfur = green, Potassium = blue 
 
As the mortar bars aged, the spalling reaction appeared to destroy the outer, 
magnesium rich area, leaving behind sound, hardened mortar.  Areas left over after the 
outer edge was destroyed tended to be extremely magnesium rich.  Figure 25 shows the 
difference in areas on a three color plot where magnesium is colored green, silicon is 
colored red and calcium is colored blue.  The outer edge of the sample is just outside the 
image at the bottom right corner.  The magnesium infiltrating and forming MSH gel has a 
lower concentration of magnesium than the brucite collecting in the air void.  
Interestingly, there is significant interaction between the brucite and the CSH gel, 
especially around the bottom right portion of the image. 
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Figure 25: Three Color X-ray Image of Type III Cement Mortar Bar 
Silicon = red, Magnesium = green, Calcium = blue 
 
Figure 26 gives the best indication for the progression of damage in the mortar 
system.  The magnesium infiltrates forming MSH gel, and then appears to concentrate 
into areas where highly crystalline brucite forms.  The brittle brucite creates fracture lines 
where large sections of mortar may spall.  Figure 14 shows this spalling effect in Type I 
cement samples.  Meanwhile, areas ahead of the major brucite formations appear to be 
MSH gel. 
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Figure 26: Three Color X-ray Image of Type III Cement Mortar Bar 
Silicon = red, Magnesium = green, Calcium = blue 
 
Infiltration did not always occur parallel to the surface.  As shown in Figures 27 
and 28, the infiltrative mechanism was also opportunistic.  Weaker or less dense areas of 
the cement matrix including the interfacial transition zone around aggregates were 
particularly susceptible to attack.   
 
 
Figure 27: Magnesium Sum Image of 40percent w/c Sample after 2 Weeks in CMA 
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Figure 28: Three Color X-ray Image of 0.40 w/c Sample after 2 Weeks in CMA 
Silicon = red, Magnesium = green, Calcium = blue 
 
The Class C fly ash sample of in the Type III cement group also showed signs of 
infiltration and damage.  High concentrations of brucite were able to fill air voids, as seen 
in Figure 29, and some secondary reactions and infiltrative mechanisms were present.  
The high quality BEI of the brucite formation also gives indications of the morphology of 
the brucite crystal and how it differs from the CSH gel and the silicon dioxide sand 
aggregate.  The white crystals at the top left portion of the image are diamonds used in 
the polishing phase of the sample.   
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Figure 29: Backscattered Electron Image of Brucite Formation in Class C fly ash 
Type III Cement Sample 
 
The sulfur sum image in Figure 30 shows a high concentration of sulfur around 
the brucite formation, and the magnesium sum image shows some reaction between the 
border of the brucite and the CSH gel.  Gray areas in the magnesium sum image 
extending beyond the border of the brucite zone indicate a lower concentration of 
magnesium, which may be MSH gel or another magnesium compound.  The brucite also 
seems to have spread preferentially to the interfacial transition zones around the 
aggregates. 
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Figure 30: Sulfur Sum Image of Class C fly ash Type III Cement Mortar Bar Near 
Brucite Formation 
 
 
 The magnesium sum image shown in Figure 31 also provides proof that the 
formation is magnesium rich.  While it is likely to be brucite, without quantitative 
mapping techniques, this assertion can not be verified.  It is possible that the image 
analysis tool Lispix has simply autoscaled the image to the highest magnesium value. 
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Figure 31: Magnesium Sum Image of Class C fly ash Mortar Bar Near Brucite 
Formation 
 
 
The three band log scale image in Figure 32 best shows the compositional 
variations in the brucite formation.  Pixels colored orange and red represent the high and 
low magnesium brucite formations, respectively.  Pixels colored green represent areas 
where the magnesium concentration is approximately 25 to 35 percent.  According to 
Biczok26 one of the magnesium silicate hydrate compounds formed in magnesium 
corrosion is M4SH8.5.  It should be noted that calcium in CSH gel is approximately 37 
percent, using idealized oxide compounds, while magnesium in MSH gel is 
approximately 34 percent.  Thus, the green areas in Figure 32 do represent MSH gel. 
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Figure 32: 3 Band Log Scale Composition Image of C Fly Ash Type III Cement 
Mortar Bar 
 
The analysis of the Type I cements was limited due to equipment availability 
issues at NIST.  However, one of the maps taken of the 0.50 w/c Type I cement mortar 
bars showed a distinct potassium presence near the outer edge of the sample.  Figure 33 
shows the three color image of the sample.  In the image, the potassium rich pixels have 
been colored green.  The potassium appears to have stopped the inward progression of 
the magnesium compounds (colored in red).   
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Figure 33: Three Color Image of Type I Cement Mortar Bar 
Magnesium = red, Sulfur = blue, Potassium = green 
 
After 100 days, the Class C fly ash had lost very little mass.  Figure 34 shows a 
log 3 band composition image for magnesium.  While some MSH gel has formed (as 
colored in green, showing a composition of approximately 25 to 35 percent magnesium), 
the large brucite formations and the substantial outer deterioration are not present.  The 
magnesium has clearly infiltrated, and has the potential to cause damage in the long term. 
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Figure 34: Type I Class C fly ash Magnesium Log 3 Band Image 
 
Discussion 
 
 The results of much of this experiment contradict conventional wisdom regarding 
damage and deterioration mitigation in Portland cement concrete.  Class C fly ash is 
generally regarded as inferior to Class F fly ash in terms of its ability to mitigate and 
prevent damage in concrete systems.  Yet, the experiments with CMA deicers showed 
conclusively that Class C fly ash is superior at mitigating damage caused by CMA. 
 Unlike other deicers tested as part of the Clemson study, many of which were 
acetate compounds, calcium magnesium acetate showed no signs of alkali silica reaction 
damage.  The mortar bars did not show the map cracking characteristic of ASR damage, 
but rather showed a spalling and dissolution damage that simply eroded away the mortar 
bars. 
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 Current research shows that Class F fly ashes are best at mitigating damage 
caused by magnesium sulfate salts27 although some Class C fly ashes are capable of 
mitigating damage.  In this experiment, the fact that Class C fly ash out-performed Class 
F fly ash in both Type I and Type III cement systems indicates that there may be 
something unique to the composition of Port Neal Class C fly ash that allows it to 
mitigate the damage so efficiently. 
 One of the initial questions in this study was whether or not the magnesium in 
CMA was capable of causing the same reaction as magnesium sulfate salts.  Biczok notes 
that the sulfate attack reaction occurs in two steps28.  The CSH gel reacts to form gypsum, 
brucite, silica gel and water, and then the brucite and silica gel react to form magnesium 
silicate hydrate and water.  Figure 29 is an example of brucite forming and concentrating 
in an area, and then the MSH gel forms around it through secondary reactions.  Clearly, 
CMA can provide the magnesium necessary to produce these reactions, but without a 
sufficient sulfur source, secondary formations of gypsum may not be possible. 
 By mapping the sulfur concentration in the system, it was noted that sulfur 
compounds are leached out of the magnesium rich phases, but have nearly doubled 
concentrations outside the area of magnesium infiltration.  Research shows that sulfur 
compounds in cement such as monosulfoaluminate and ettringite are unstable at pH 
below 10.29  The pH readings of the soak solution show that the pH was well below 10, 
meaning that it is possible for the sulfur compounds to break down.  Free sulfate ions can 
leach into the soak solution or they can be driven further into the cement matrix.  The free 
sulfate ions provide the necessary extra sulfate to form gypsum and ettringite.  Gypsum 
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and delayed ettringite formation have been linked to surface spalling, as shown in Figure 
14.   
Using X-ray microanalysis to show the change in composition over a period of 
time, it is possible to construct a possible time based deterioration mechanism for the 
destruction in this system.  Magnesium infiltrates into the system through the less dense 
surface layer of the mortar bars.  The low pH causes a leaching of sulfur compounds, 
thereby creating void space into which compounds such as brucite can concentrate.  
While some sulfates leach into the soak solution, others are driven into the cement matrix 
where they react with calcium hydroxide to form gypsum in an expansive reaction.  As a 
result, the outer surface of the concrete spalls off, leaving a layer of exposed interior 
concrete.  From that point onwards, the magnesium in CMA reacts with the cement paste 
to form MSH gel in the reaction described by Biczok.  The formation of non-
cementitious MSH gel allows for the gradual deterioration of the mortar bar. 
 
Conclusions and Recommendations for Further Research 
 
 In some Portland cement mortar systems, exposure to a calcium magnesium 
acetate deicing solution for an extended period of time will result in deterioration similar 
to that caused by magnesium sulfate salts.  In this experiment, Type I cements, regardless 
of the presence of mineral admixtures, had less deterioration than the Type III cements.  
The most damage done to any Type I cement mortar bar was approximately the same as 
the least damage done to any Type III cement mortar bar over the same period of time.  
Also, mortars modified with a 20 percent replacement of cement with Class C fly ash had 
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less deterioration than any other sample, regardless of the cement type.  Ideally, concrete 
pavements which are exposed to CMA as a deicing salt will be of a Type I cement with a 
Class C fly ash replacement. 
 In order to better understand this system, it would be helpful to continue research 
in the following areas: 
• The exact chemical composition of the cements used in the experiment should be 
determined.  Figure 33 may suggest that potassium content influences the overall 
deterioration in the system, but only a quantitative analysis of the cement can 
confirm that. 
• The exact composition of the fly ashes used in the experiment should also be 
determined.  The current system of classification based on silicon, aluminum, 
calcium and iron contents is useless if actual mitigation is caused by the presence 
of minor compounds such as sodium, magnesium, phosphorous, sulfur or 
potassium.  It may be that other Class F fly ashes have similar minor element 
compositions as the Port Neal Class C fly ash used in the experiment.  Thus, other 
fly ashes, independent of their classification, may be successfully used to mitigate 
this problem.   
Knowing the compositions of each constituent in this experiment will help to 
better track the compounds present in hardened cement.  As a more complete 
chemical understanding of the cement-fly ash system both before and after mixing is 
obtained, the unusual nature of this deterioration mechanism will also be better 
understood. 
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SUMMARY OF MAJOR FINDINGS 
 
The conclusions presented at the end of both papers represent some major 
findings about the nature of damage cause by CMA deicing solutions.  Much like the 
“Objectives” section of this thesis, the findings are best represented by the locations 
where the work was done. 
The major findings of the Clemson research were: 
1. Type I cement mortar bars overall lost less mass and had less damage than 
mortar bars made with Type III cement. 
2. Mortars modified with Class C fly ash from Port Neal performed better 
than other mortar mixtures modified with Class F fly ash or silica fume.   
3. Water to cement ratio had a very complex interaction that was dependent 
on the cement type.  In the Type III cements, the 0.40 and 0.50 water to 
cement ratios lost the most mass.  However, in the Type I cement, the 0.50 
water to cement ratio mortar sample lost less mass than the Class C fly ash 
mortar, suggesting that it performed better over 28 days. 
4. The long term (100 days) effects of CMA on the Type I cement mortar 
bars showed that Class C fly ash and silica fume lost the least mass.  
Meanwhile, the 0.40 water to cement ratio mortar bars lost nearly 45% of 
their mass. 
5. In both long and short term tests, Class C fly ash modified mortars seem to 
lose the least amount of mass. 
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6. Visual inspection of the mortar bars shows that the damage to the mortar 
bars is caused primarily by spalling and dissolution of the outermost 
layers.  The corners are the first to erode, though localized spalling on the 
main faces is common. 
7. There was no evidence of significant cracking although shrinkage is 
apparent, especially in the Class C fly ash mortars with Type I cement. 
As the experiment was continued at NIST, a number of discoveries were made.  
The major findings of the NIST research were: 
1. Concrete can be prepared for high vacuum instruments provided that a 
gradual drying process is used for preparing the samples.  This minimizes 
the drying cracking that appears on the surface during rapid pump down 
sequences in the electron microscope.  When preparing samples, it is 
helpful to use samples that are only ¼ inch thick so as to minimize the 
amount of material that needs to be prepared for vacuum. 
2. Using the Silicon Drift Detector, it is possible to collect qualifiable maps 
of the concrete specimens in as little as 150 seconds.  Quantifiable maps 
can be collected in 25 minutes.   
3. Hyperspectral maps provide greater detail about the complex chemistry of 
concrete.  Features and phases in concrete may appear to have the same 
gray scale in backscattered electron images, but they can have radically 
different compositions. 
4. Using hyperspectral maps, it is possible to identify the location of the 
minor compounds in concrete such as those containing sulfur, magnesium, 
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sodium and potassium.  Because these compounds are not readily visible 
in backscattered images, they are often overlooked and ignored.  Of 
particular interest to this research were the sulfur compounds which 
appeared to form zones in the concrete. 
5. Tri-color sum images allowed the researchers to map the relationship 
between the magnesium, calcium and sulfur systems.  This showed that in 
magnesium rich areas, there was very little calcium or sulfur.  In areas just 
beyond the magnesium infiltration, a sulfur rich area had formed.  
Calcium compounds returned to normal levels after the sulfur rich zone. 
6. 3-band log images allowed the researchers to quantify and visualize the 
magnesium compounds as they reacted with the cement matrix.  In 
particular, the brucite rich areas had zones where the magnesium had 
leached out to form magnesium silicate hydrate gel, replacing the calcium 
in the cement matrix.  Those areas were identified in green as having 
compositions of approximately 34 percent. 
These findings were combined to resolve the issue of what damage CMA is 
capable of doing to cement.  The following general conclusions were reached: 
1. CMA does produce damage similar to that caused by other salts of 
magnesium.  Backscattered electron imaging confirms the collection and 
formation of brucite which then reacts to form magnesium silicate hydrate 
gel.  The MSH gel is non-cementitious and can cause outer layers of the 
mortar to dissolve or spall off. 
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2. The magnesium appears to infiltrate the cement matrix.  The depth and 
extent of infiltration can be imaged by both BEI and X-ray mapping.  In 
some instances, it infiltrates preferentially along the interfacial transition 
zone, but the primary mode of infiltration is parallel to the surface.  As the 
magnesium infiltrates, sulfur compounds leach out into the soak solution.  
Some sulfur compounds drive back and form a sulfur rich zone parallel to 
the magnesium rich zone.  This sulfur rich zone likely represents the 
secondary formation of gypsum. 
3. Class C fly ash can effectively prevent damage when used in a 20 percent 
replacement of cement. 
4. Type I cements generally perform better than Type III cements in terms of 
mass lost over time. 
 
  
  
 
 
 
 
 
 
 
 
 
 
 
 
APPENDICES 
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Appendix I: Lispix Process Documentation 
 
Introduction 
  
This section of the thesis is intended to document the process used by the author 
to create the derived spectrum images shown in this thesis.  A more complete and 
detailed process is located in the “help” file of Lispix.  The format is organized in a step 
by step format so as to make it easier for readers to understand.  The version used to 
create this document was Lx85.   
 
Step 1: Opening a new data cube 
 
Under the “File” button, select “Open.”  Lispix will automatically open a dialogue 
asking if you want to trim the data cube.  The first box asks how many channels you wish 
to import.  In many geological systems, the elements analyzed only have Kά lines 
between 0 and 10keV, so channels above #1024 contain mostly 0’s and 1’s.  Trimming 
the last channels off of a data cube will reduce the file size by half.  Similarly, Lispix will 
ask the user to trim the data cube to trim the data cube to one byte.  Many mapping 
programs will store 4 bytes (32 bits) of data in each pixel, but Windows® is not currently 
able to display 4 byte data.  Trimming to one byte will reduce the size of the total cube by 
up to a factor of 4.  Lispix will then save a trimmed copy of the data in the same file 
folder as the original file.  The new file will have an “m-“ before the file name. 
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Notes:  
• It is highly advisable to trim the data cubes.  Many raw files are well over 1 
gigabyte in size.  By trimming large data cubes, it is possible to reduce the total 
size of the data cube to less than 100 megabytes. 
• Trimming the data cubes will not reduce the overall quality of the data, make the 
images grainy or reduce the overall peak height. 
 
Step 2: Data Cube Tools 
 
Once Lispix is done opening the data cube, a window will appear at the left side 
of the screen whose title is the name of the opened cube.  Underneath the window is a 
slider for viewing “slices” in the data cube.  Each slice is 1 channel wide and contains all 
of the pixel information for that channel.  For instance, going to channel 172 will produce 
silicon rich pixels corresponding to counts in the X-ray spectra at 1.72 KeV.  This slider 
is useful for looking at the quality of the data, but is not generally used for producing 
images.   
Under the “TOOLS” menu, select “Data Cube.”  The data cube tool is primarily 
used for producing spectra and images.  The data cube tool will open up a menu box 
filled with buttons that will open up other menu boxes.   In this tutorial, we will deal only 
with the “slider,” “plot,” and “image” buttons. 
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Click the “plot” button and select “Max spect for whole cube.”  In data cubes with 
long count times and high count rates, sum spectra tend to bury minor compounds.  The 
max pixel routine searches every pixel in the data cube to find the highest single value of 
that pixel in the energy range.  
Because the max pixel spectra will show the presence of both major and minor 
compounds, it is frequently used in place of the sum spectra for highlighting and 
processing images.  The image below shows max pixel spectra (top) and sum spectra 
(bottom).  Notice how the sulfur and iron peaks (blue arrows) have disappeared in the 
sum spectra, but are clearly present in the max pixel spectra. 
 
 
Figure 35: Example Sum Pixel and Max Pixel Spectra 
Step 3: Producing Element Maps 
 
One of the most useful functions in Lispix is the ability to produce element maps.  
With the max pixel spectra, it is very simple to isolate the elements present in the system 
and produce element maps. 
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In the data cube menu, click the orange “slider” button and select “region”.  The 
region slider will attach itself to the bottom of the active data plot.  In this instance, the 
max pixel plot was active, and the region slider automatically chose it. 
 
 
Figure 36: Max Pixel Spectrum with Region Selector 
 
Clicking and dragging on the center of the pink area in the slider window will 
move the highlighted region.  Similarly, clicking and dragging on either edge will widen 
or shorten the region.  The numbers on either side of the pink region indicate the channel 
number bracketed by the region.  In this instance, the numbers bracket channels 159 and 
193, corresponding to 1.59 and 1.93 KeV on the plot.  This area encompasses the silicon 
region of the spectrum. 
NOTE: The slider is not moved by clicking on the spectrum.  It must be 
moved in the region slider window below the spectrum. 
Once a region of interest is selected, click on the “image” button and select “sum 
image from region”.  Lispix will then produce a silicon sum image from that region.  
Ideally, the relative brightness of each pixel indicates the strength of the X-ray signal, 
which in turn indicates higher concentrations of a particular element.  In order to select 
another element, simply move the region slider to another peak and repeat the process. 
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Other tools in the “image” button include the ability to generate sum and max 
images for the entire cube.  While these are the simplest images to create, they do not 
contain as much useful information as the single element images.  Other functions in the 
image button will be discussed later in the tutorial. 
In the next section, I will show some simple image processing and data extraction 
that can be done with sum images. 
In order to save the images, we must first select the default save directory.  Unlike 
other Windows® applications, Lispix will not ask for the directory and file name in the 
“save” dialogue box.  Lispix instead requires the user to set default directories in which to 
write the files.  At the far right side of the menu bar, there is a blue “+” sign which, when 
clicked, will drop down the dialogue box for selecting a default write directory.  On the 
left side of the box are a series of buttons.  Clicking on the “W” button will allow the user 
to select the default image write directory.  If the image write directory is the same as the 
read directory (i.e. if you want to save the images in the same folder as the data cube is 
stored in), simply select “set to history” for the image write directory. 
After setting the image write directory, the user can select “File” and then “Save 
Image As [format].”  Users wanting to preserve the maximum possible image quality 
may wish to save the images in Lispix as .tiff files.  However, unlike many Windows® 
compression routines, Lispix is able to compress the files into JPEG images without 
much loss in data quality.  Imaged below are .tiff and .jpg files of the same image created 
in Lispix. 
Important note: When saving .tiff files, in order to be able to view, publish or 
print those images, they must be scaled to 1 byte.  Select the image and then click 
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“Image” in the toolbar.  In the menu, select “Scale to byte”.  Lispix will automatically 
scale the image to 1 byte and add “stb-“ to the image title. 
 
Step 4: Image Processing 
 
Lispix has numerous tools for processing and enhancing images.  Listed here are 
some of the most commonly used tools.  A more complete and detailed list is located in 
the Lispix help files. 
 
Zoom 
 
The user can zoom into an image by clicking on the “zoom” button and selecting 
a scale.  It is generally most useful to use the rational zoom (1/2, 2, 1/3, etc.) so as not to 
distort features on the image.  However, the “zoom to window” option will allow the user 
to set arbitrary limits.  Click the lower right hand corner of the image window and drag to 
increase the window size.  Then click “zoom” and select “zoom to window”.  All images 
can be returned to their original size by clicking on the green “1x!” button below the 
menu bar. 
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CLUT Sliders 
 
Much like the region slider used for spectra, the CLUT sliders are used for 
images.  They can improve image quality by changing contrast and gamma level, or they 
can be used to isolate pixels of certain gray scale.  All CLUT sliders can be found in the 
CLUT menu bar. 
The contrast and gamma sliders can be used to solve the Lispix auto scaling 
problem.  All images produced in Lispix are auto scaled to the highest pixel value.  In 
other words, if the maximum peak height in one pixel is 70, that pixel is assigned the 
“white” value, and all others are gray scaled to it.  In images where the highest pixel 
value is much larger than other pixel values, the image appears completely dark except 
for one white pixel.   
A similar effect can be seen when applying the gamma slider.  In all cases, if the 
user wishes to return to the original, unaltered image, simply press the “g!” button in the 
slider window. 
Another interesting slider set is known as the “threshold” slider.  This slider will 
group together all pixels of a user set grayscale range.  This is particularly useful in 
isolating phases in element maps and imaging them.  Other sliders work on this principle, 
and should be explored at the user’s interest.  They are capable of colorizing the image in 
order to isolate phases.  The “Log 3 Band” tool will be discussed later. 
Gray scale only implies composition, but if the user wants to determine the 
composition of a particular phase isolated using a threshold slider, they can create a 
“mask” of the image. 
 
 70
On the threshold slider bar is a gray button marked “thresholds.”  Clicking on the 
button will bring up a small menu.  Select “make mask” and Lispix will produce a black 
and white mask of the image.  The white pixels represent pixels selected in the threshold 
slider. 
The mask image will not contain any of the gray scale information that the sum 
images do, but the white/black contrast difference allows Lispix to mark all of the pixels.  
Pixel marking allows Lispix to sum the X-ray spectra of all the pixels to create a sum 
spectrum that can be exported to DTSA, Trixy or any other quantification program. 
To plot the sum spectrum created by a mask, go back to the data cube box and 
click on the “plot” button.  Select “sum spectra w/ mask” to create an X-ray spectrum.  
The user will be asked to select which image is the mask.  The masked image should 
have the “mask-“ modifier in front. 
The spectrum can be exported as an .msa, .txt or printed.  At the top of the screen 
in the “Plots” menu, select an option for saving the plot. 
Note: The “Plots” menu is different from the “plot” button in the “Data Cube” 
box.  For saving spectra, use the “Plots” menu in the menu bar. 
 
Rectangles and Pixels 
 
If the user wants a simple method for obtaining information on a group of pixels, 
the best tool is the rectangle selector.  In the “Select” menu, click on “Draw Rectangle.”  
Click and drag to draw a yellow rectangle on the image of choice.   
 
 71
After selecting, the rectangle can be used to interrogate the data.  In the data cube, 
click the “plot” button and select “Sum spect w/in rectangle.”  Lispix will produce a 
spectrum which sums the spectra within the given rectangle. 
If quantifying the spectra, it is important to know the characteristics of the 
rectangle.  In the “Select” menu, choose “Show Rectangle Info.”  A message box will 
appear with the area, perimeter and pixel info within the rectangle.   
The rectangle can be set by inputting parameters.  In the “Select” menu, choose 
“Set by typing.”  The options are to set x and y lengths or to set a center with a radius.  
The same rectangle can be transferred to multiple images by selecting an image and then 
choosing “Show Rectangle” in the “Select” menu. 
In images where the pixel brightness represents k-ratio or composition, the pixel 
info on click tool is very useful.  In the “Info” menu, choose “pixel info on click”.  As the 
user clicks on an image, a dialogue box will appear containing the pixel info.  
Information is organized by columns, and clicking on subsequent pixels will add rows to 
the dialogue box.  The text box can be saved by selecting the “File” menu and choosing 
“Save Text.” 
 
Two and Three Variable Imaging 
 
Lispix has the ability to combine three element maps where pixel values in each map are 
assigned to red, green and blue.  This is particularly useful when wanting to compare the 
relative concentrations of certain phases to others.   
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To begin, use the max pixel plot and region sliders to create three or more element 
maps.  In this example, silicon, magnesium and calcium element maps have been created.  
In the “TOOLS” menu, select “2 & 3 Variable”.  On the left side of the dialogue box, the 
red/x!, green/x!, and blue/x! buttons will allow the user to mark which map will be 
colored red, green and blue.  Select one image by clicking anywhere on the image, then 
press one of the corresponding buttons.  It is not necessary to have 3 images to colorize.  
If only two images are selected, only two will be colorized. 
When ready, click on the green “RGB overlay” button and select “Make RGB 
Overlay”.  The overlay can be saved like any other image. 
One interesting note, it is possible to save a RGB overlay, then later extract the 
three composite images.  In the RGB overlay button, there are three options marked 
“RGB->r, RGB->g, RGB->b”.  Selecting an RGB overlay, then selecting one of those 
options will produce the image used to create the red, green or blue pixels.  This is part of 
Lispix’s interrogative tools where data can be analyzed long after it is taken and in 
different ways that it was originally intended.   
Also in the 2 & 3 variables box is the ability to create ternary plots of the three 
images used to create an RGB overlay.  These ternary plots are most useful in 
analytically visualizing data.  For k-ratio and composition maps, it is especially useful for 
visualizing compositional differences in the maps.  Click on the green “scatter plots” 
button and select “scatter plot (chi)”.  A dialogue box will appear asking the user to select 
scaled or original data.  I recommend selecting both and choosing which will best 
represent the data.  The image will appear with a thermalizer slider below it to change the 
red/yellow composition of the image.   
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Nominally, the image used to create the red pixels will appear at the top, the green 
will appear at the right and the blue will appear at the left.  The example RGB overlay 
marked red as silicon, green as magnesium and blue as calcium. 
 
Step 5: Producing K-ratio Maps with the PPP Tool 
 
In the “TOOLS” menu, select PPP, an acronym for the Poly Plot Package tool.  
Like the data cube tool, the PPP opens up a dialogue box with a series of buttons.  First, 
press the green “Open” button at the top left of the dialogue box.  Select, “attach cube 
single pixel mode” to attach the open data cube to the PPP tool.  A series of calculations 
will automatically start in Lispix.  The max pixel plot and spectrum image will be created 
in order to help the user define the regions of interest. 
The PPP tool uses FINI files to define the regions of interest, background regions 
and standards values.  It is possible to reuse FINI files because they are simply tab 
delimited text files stored on the user’s computer.  When starting from scratch, however, 
it is necessary to set up the regions of interest and then save them to a new FINI file. 
In the “TOOLS” menu, select “periodic table.”  A message box containing a 
periodic table will appear on the screen.  Select by clicking on each element of interest.  
Then click on the orange “Markers” button in the PPP window, and select “Transfer 
elements from PT” to transfer the lines of the selected elements of interest to the max 
pixel plot. 
Lispix will assume a very narrow detector width (as represented by a pink line).  
To set a peak width, click on the orange “X-ray cal” button and choose “Set peak width 
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for Mn FWHM, ev”.  The default value is 150 ev, but the user sets the actual value in a 
message box.   
In order to produce a k-ratio map, Lispix needs a series of background regions 
which enclose either side of the peaks of interest.  To add these to the plot click on the 
orange “Markers” button and select “Swipe to make a background region”.  Click and 
drag the blue rectangle over an area of the max pixel plot that is relatively smooth and 
without peaks.  Note: all peaks must have background regions on both sides, but not all 
peaks need unique background markers.  Refer to Figure 37 shown below. 
 
 
Figure 37: Background Region Markers 
 
Notice that backgrounds 03 and 04 encompass the sulfur, silicon, aluminum and 
magnesium peaks.  Lispix averages the values in the background and makes a linear 
interpolation between the background regions.  Only the values between 03 and 04 will 
be used to calculate the backgrounds for sulfur, silicon, aluminum and magnesium.   
Now that the peaks and backgrounds are set, click on the “FINI” button at the 
bottom right corner of the PPP message box.  Select “Make & save new FINI” to write 
the peak width, location and background information to a FINI file.  The FINI files are 
tab delimited text files that can easily be edited in Notepad or MS Excel®.  It is 
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recommended that alterations to the peak width, setting the detection parameters and 
determining the standards all be done outside of Lispix.   
 
To import a revised FINI, click the FINI button and select “Setup X-ray, calc raw, 
load raw & calc k-ratio”.  This will open a dialogue box for the user to select the new 
FINI file.  It is not necessary to close the current cube or clear the plot window in order to 
open a new FINI. 
Important Note:  Lispix will not create standards or standard intensities in the 
FINI file.  The user must input standard intensities for each peak in the spectrum.  In 
addition, for accurate results, the probe current, time of collection and valence of each 
standard must be known. 
The k-ratio maps can be saved as .tiff, .jpg and .raw files.  If the user wishes to 
quantify the maps, exporting in the .raw file format is required.   
 
Jackhammer 
 
The “Jackhammer” java applet was designed by Dr. Nicholas Ritchie and Daniel 
Davis at NIST as a method for quantifying the k-ratio maps used in Lispix.  
“Jackhammer” is available on the NIST webpage.  Upon opening the program, the user 
will be prompted to select a .rpl file.  Lispix saves concurrent .raw and .rpl files, so the 
.rpl file will be in whatever directory the .raw image was saved in. 
“Jackhammer” is considerably more user friendly than Lispix.  Simply follow the 
onscreen instructions to set up the calibrations and standards. 
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A final note on Jackhammer, in the last screen, the user must push the “Start” 
button in order to begin the calculations.  This function was included because the 
Jackhammer routine is very resource intensive, and it may take 10 minutes or more 
depending on the map size.  When the user is ready to devote the entirety of system 
resources, the “Start” button may be pressed.
 
  
Appendix II: Type III Cement Raw Data 
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.50 w/c Original Data 
0 Days Days Bar 1 Bar 2  Bar 3 PH 
Mass 0 394.9 389.7 383.0 9.12 
Length 0 0.2715 0.2967 0.2681
Dynamic 
Mod 0 1.0530 1.0340 0.9994   
4 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 4 389.0 380.5 376.0 8.89 
Length 4 0.2700 0.2953 0.2668
Dynamic 
Mod 4 1.0720 1.0350 1.0120   
6 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 6 388.1 377.4 374.8 8.86 
Length 6 0.2697 0.2952 0.2665
Dynamic 
Mod 6 1.0720 1.0280 1.0110   
7 days   Bar 1 Bar 2  Bar 3 PH 
Mass 7 387.6 375.2 374.3 8.80 
Length 7 0.2701 0.2949 0.2663
Dynamic 
Mod 7 1.0670 1.0260 1.0090   
12 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 12 381.3 355.4 365.7 8.85 
Length 12 0.2694 0.2948 0.2659
Dynamic 
Mod 12 1.0560 0.9940 0.9985   
14 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 14 376.2 343.9 359.0 8.80 
Length 14 0.2694 0.2952 0.2663
Dynamic 
Mod 14 1.0510 0.9740 0.9606   
18 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 18 370.4 329.4 350.7 8.87 
Length 18 0.2690 0.2942 0.2657
Dynamic 
Mod 18 1.0240 0.9595 0.9815   
23 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 23 352.3 298.6 330.1
Length 23 0.2701 0.2955 0.2669
Dynamic 
Mod 23 1.0260 0.9202 0.8994   
 
Table 2: 0.50 w/c Raw Data
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0.40 w/c Original Data 
0 Days Days Bar 1 Bar 2  Bar 3 PH 
Mass 0 405.50 411.90 387.30
Length 0 0.2862 0.2885 0.2613
Dynamic 
Mod 0 1.102 1.126 1.026 9.16 
4 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 4 403.50 408.80 380.20
Length 4 0.2854 0.2881 0.2610
Dynamic 
Mod 4 1.116 1.142 1.037 8.93 
6 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 6 402.20 407.20 373.30
Length 6 0.2858 0.2870 0.2614
Dynamic 
Mod 6 1.113 1.141 1.042 8.88 
7 days   Bar 1 Bar 2  Bar 3 PH 
Mass 7 401.70 406.70 370.50
Length 7 0.2858 0.2866 0.2613
Dynamic 
Mod 7 1.110 1.141 1.018 8.87 
12 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 12 391.50 399.30 347.10
Length 12 0.2864 0.2868 0.2618
Dynamic 
Mod 12 1.116 1.147 1.100 8.73 
14 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 14 386.70 393.80 335.90
Length 14 0.2862 0.2869 0.2626
Dynamic 
Mod 14 1.113 1.143 1.101 8.77 
18 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 18 379.00 388.00 325.50
Length 18 0.2851 0.2861 0.2619
Dynamic 
Mod 18 1.128 1.145 1.103 8.9 
23 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 23 359.70 370.50 297.30
Length 23 0.2857 0.2870 0.2635
Dynamic 
Mod 23 1.130 1.145 1.155   
 
Table 3: 0.40 w/c Raw Data
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Class C  Original Data 
0 Days Days Bar 1 Bar 2  Bar 3 PH 
Mass 0 397.7 404.8 410.1
Length 0 0.2644 0.3009 0.2719
Dynamic 
Mod 0 1.0130 1.0290 1.0680 9.1 
4 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 4 390.8 399.7 405.6
Length 4 0.2612 0.2988 0.2697
Dynamic 
Mod 4 1.0370 1.0510 1.0910 8.91 
6 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 6 390.2 399.5 405.2
Length 6 0.2613 0.299 0.27
Dynamic 
Mod 6 1.0380 1.0520 1.0900 8.84 
7 days   Bar 1 Bar 2  Bar 3 PH 
Mass 7 390.1 399.3 405
Length 7 0.261 0.2987 0.2696
Dynamic 
Mod 7 1.0380 1.0530 1.0900 8.91 
12 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 12 388.8 398.8 404.9
Length 12 0.2605 0.2983 0.2692
Dynamic 
Mod 12 1.0340 1.0510 1.0910 8.86 
14 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 14 387.7 398.3 404.3
Length 14 0.2607 0.2984 0.2695
Dynamic 
Mod 14 1.0320 1.0490 1.0880 8.85 
18 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 18 386.5 397.7 403.9
Length 18 0.2599 0.2978 0.2687
Dynamic 
Mod 18 1.0340 1.0710 1.0870 8.97 
23 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 23 380.8 394.1 399.8
Length 23 0.2612 0.299 0.2698
Dynamic 
Mod 23 1.0240 1.0680 1.0870   
 
Table 4: Class C Fly Ash Raw Data
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Class F Original Data 
0 Days Days Bar 1 Bar 2  Bar 3 PH 
Mass 0 408.1 404.5 395.2
Length 0 0.2838 0.3063 0.3171
Dynamic 
Mod 0 0.9973 0.9958 0.9630 9.09 
4 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 4 402.7 400 390.5
Length 4 0.2827 0.3052 0.3164
Dynamic 
Mod 4 1.0020 0.9979 0.9700 8.9 
6 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 6 402 399.5 390
Length 6 0.2827 0.3052 0.3164
Dynamic 
Mod 6 1.0020 1.0000 0.9694 8.89 
7 days   Bar 1 Bar 2  Bar 3 PH 
Mass 7 401.7 399 389.7
Length 7 0.2825 0.3049 0.3163
Dynamic 
Mod 7 1.0010 0.9948 0.9681 8.85 
12 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 12 398.3 396 388.7
Length 12 0.2821 0.3041 0.3155
Dynamic 
Mod 12 1.0020 1.0000 0.9670 8.9 
14 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 14 395.3 391.9 387.1
Length 14 0.2821 0.3044 0.3158
Dynamic 
Mod 14 0.9994 0.9986 0.9940 8.87 
18 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 18 390.5 386.5 384.4
Length 18 0.2806 0.3034 0.3146
Dynamic 
Mod 18 1.0000 0.9990 0.9532 8.91 
23 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 23 375.6 369.3 374
Length 23 0.2819 0.3047 0.316
Dynamic 
Mod 23 0.9904 0.9735 0.9830   
 
Table 5: Class F Fly Ash Raw data
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Silica 
Fume Originial Data 
0 Days Days Bar 1 Bar 2  Bar 3 PH 
Mass 0 379.6 385.3 385.1
Length 0 0.2579 0.332 0.2841
Dynamic 
Mod 0 0.9783 0.9696 0.9821 9.3 
4 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 4 372 373.6 377.3
Length 4 0.2561 0.3305 0.2823
Dynamic 
Mod 4 0.9627 0.9429 0.9542 8.96 
6 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 6 371.2 370.7 375.1
Length 6 0.2561 0.3306 0.2823
Dynamic 
Mod 6 0.9575 0.9265 0.9427 8.87 
7 days   Bar 1 Bar 2  Bar 3 PH 
Mass 7 370.7 369.2 374.1
Length 7 0.2558 0.3303 0.2821
Dynamic 
Mod 7 0.9576 0.9211 0.9363 8.93 
12 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 12 364 356.6 364.2
Length 12 0.2551 0.3298 0.2817
Dynamic 
Mod 12 0.9480 0.9520 0.9103 8.9 
14 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 14 359.5 350.6 358.9
Length 14 0.2557 0.3303 0.2821
Dynamic 
Mod 14 0.9380 0.8670 0.9612 8.94 
18 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 18 353.4 343.3 352.1
Length 18 0.2545 0.3293 0.2812
Dynamic 
Mod 18 0.9242 0.8455 0.9515 8.77 
23 Days   Bar 1 Bar 2  Bar 3 PH 
Mass 23 337.8 325.7 335.5
Length 23 0.2555 0.3306 0.2823
Dynamic 
Mod 23 0.9218 0.9251 0.8435   
 
Table 6: Silica Fume Raw Data
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Appendix III: Type I Cement Raw Data 
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.40 w/c Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 417.6 419.2 425.5
Length 0 0.2906 0.2686 0.2735
Dynamic 
Mod 0 1.201 1.186 1.234
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 416 417.7 423.6
Length 4 0.2906 0.2687 0.2734
Dynamic 
Mod 4 1.231 1.202 1.249
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 416 417.6 423.7
Length 9 0.2904 0.2692 0.2737
Dynamic 
Mod 9 1.239 1.223 1.25
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 407.5 415.9 421
Length 23 0.2909 0.2686 0.2729
Dynamic 
Mod 23 1.253 1.208 1.18
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 399 413 415.8
Length 26 0.2916 0.2693 0.2739
Dynamic 
Mod 26 1.283 1.215 1.173
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 394.3 410 410.2
Length 29 0.2909 0.2690 0.2739
Dynamic 
Mod 29 1.297 1.241 1.253
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 220 234.5 223
Length         
Dynamic 
Mod         
 
Table 7: 0.40 w/c Raw Data
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.50 w/c Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 410.6 410.2 407.3
Length 0 0.2895 0.2807 0.2809
Dynamic 
Mod 0 1.094 1.137 1.103
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 407.5 407.9 404.4
Length 4 0.2892 0.2802 0.2798
Dynamic 
Mod 4 1.093 1.184 1.099
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 407.3 407.6 404.2
Length 9 0.2891 0.2802 0.28
Dynamic 
Mod 9 1.163 1.13 1.178
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 407.3 407.6 404.4
Length 23 0.2883 0.2793 0.2795
Dynamic 
Mod 23 1.094 1.129 1.175
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 407.2 407.6 404.1
Length 26 0.2895 0.2808 0.2802
Dynamic 
Mod 26 1.158 1.127 1.172
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 406.4 407.6 404.3
Length 29 0.2894 0.2804 0.2806
Dynamic 
Mod 29 1.156 1.172 1.171
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 308 359 390
Length         
Dynamic 
Mod         
 
Table 8: 0.50 w/c Raw Data
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.60 w/c Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 401.1 400.5 403.6
Length 0 0.262 0.2835 0.2844
Dynamic 
Mod 0 1.02 1.028 1.031
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 393.5 393.3 396.5
Length 4 0.2621 0.2831 0.2842
Dynamic 
Mod 4 1.024 1.069 1.093
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 392.6 392.7 396.1
Length 9 0.262 0.2833 0.2841
Dynamic 
Mod 9 1.025 1.067 1.031
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 392.5 393.1 396.1
Length 23 0.2612 0.2824 0.2835
Dynamic 
Mod 23 1.066 1.065 1.084
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 392.4 392.3 396.1
Length 26 0.262 0.2832 0.2842
Dynamic 
Mod 26 1.067 1.065 1.032
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 392.5 392.1 396.3
Length 29 0.2623 0.2832 0.2841
Dynamic 
Mod 29 1.063 1.021 1.08
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 312.5 221.5 285.1
Length 100       
Dynamic 
Mod 100       
 
Table 9: 0.60 w/c Raw Data
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Class C Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 422.1 420.3 417.7
Length 0 0.2893 0.2582 0.2462
Dynamic 
Mod 0 1.143 1.111 1.155
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 413.7 416 418
Length 4 0.288 0.2568 0.2444
Dynamic 
Mod 4 1.143 1.097 1.135
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 413.4 415.6 417.5
Length 9 0.288 0.2568 0.2446
Dynamic 
Mod 9 1.085 1.135 1.13
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 413.4 415.7 417.5
Length 23 0.2873 0.2563 0.244
Dynamic 
Mod 23 1.08 1.09 1.129
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 413.2 415.6 417.5
Length 26 0.2883 0.2573 0.2448
Dynamic 
Mod 26 1.079 1.125 1.127
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 413.4 415.8 417.7
Length 29 0.288 0.2576 0.245
Dynamic 
Mod 29 1.08 1.124 1.125
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 416.5 424 423.5
Length         
Dynamic 
Mod         
 
Table 10: Class C Fly Ash Raw data
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Class F Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 410.2 417.5 407.6
Length 0 0.274 0.2757 0.2936
Dynamic 
Mod 0 1.126 1.153 1.115
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 405.2 414.3 403.9
Length 4 0.2731 0.2758 0.2936
Dynamic 
Mod 4 1.125 1.149 1.084
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 404.1 414.4 403.4
Length 9 0.2734 0.2759 0.2937
Dynamic 
Mod 9 1.191 1.15 1.163
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 399 414.8 403.8
Length 23 0.2724 0.2749 0.2928
Dynamic 
Mod 23 1.201 1.22 1.17
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 396.5 414.3 403.8
Length 26 0.2733 0.276 0.2935
Dynamic 
Mod 26 1.112 1.15 1.091
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 394.2 414.4 403.5
Length 29 0.2732 0.2755 0.2935
Dynamic 
Mod 29 1.205 1.22 1.171
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 324.5 334.5 340
Length         
Dynamic 
Mod         
 
Table 11: Class F Fly Ash Raw Data
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Silica 
Fume Original Data 
0 days Days Bar 1 Bar 2 Bar 3 
Mass 0 390.1 391.7 393.7
Length 0 0.2668 0.2884 0.3162
Dynamic 
Mod 0 1.036 1.062 1.115
4 days Days Bar 1 Bar 2 Bar 3 
Mass 4 384.4 386.5 388.4
Length 4 0.2666 0.2881 0.316
Dynamic 
Mod 4 1.035 1.058 1.115
9 days Days Bar 1 Bar 2 Bar 3 
Mass 9 383.7 385.7 387.2
Length 9 0.2666 0.2882 0.3159
Dynamic 
Mod 9 1.11 1.127 1.119
23 days Days Bar 1 Bar 2 Bar 3 
Mass 23 383.3 385.2 386.7
Length 23 0.266 0.2875 0.3153
Dynamic 
Mod 23 1.11 1.125 1.12
26 days Days Bar 1 Bar 2 Bar 3 
Mass 26 383.2 385.1 386.7
Length 26 0.2672 0.2883 0.3161
Dynamic 
Mod 26 1.106 1.125 1.064
29 days Days Bar 1 Bar 2 Bar 3 
Mass 29 383.3 385.2 386.6
Length 29 0.2668 0.2883 0.3159
Dynamic 
Mod 29 1.109 1.127 1.064
100 days Days Bar 1 Bar 2 Bar 3 
Mass 100 342 341.5 371.5
Length         
Dynamic 
Mod         
 
Table 12: Silica Fume Raw Data 
 
